Introduction
Algal-based assessments of water quality commonly rely on various metrics based on the autecology and relative abundance of individual taxa comprising the community. Autecological metrics are usually based on a documented understanding of the associations among varying concentrations of individual water chemistry variables (such as dissolved organic matter or orthophosphate) as they relate to the distribution of algal species (Sládeček, 1986; Steinberg and Schiefele, 1988; Kelly and Whitton, 1995) . In a few instances, autecological metrics have been developed on the basis of an understanding of the relationship of algal species distributions to multiple water-quality measures (Lange-Bertalot, 1979; Prygiel and others, 1996) . In addition to the question of which taxon or community characteristics are the best indicators of specific chemical stressors, there is a need to assess overall biological condition, which distinguishes impaired communities from healthy biological communities. This assessment usually compares various characteristics of undisturbed communities to those of communities known to be impaired.
Using a multi-metric index (MMI) to combine information about several characteristics of a biological community (and potentially the ecosystem) is one way to assess biological condition. Multi-metric indices (also known as indices of biological integrity) have been developed for fish (Karr, 1981) , macroinvertebrates (Kerans and Karr, 1994; Barbour and others, 1996; Fore and others, 1996) , and algae (Hill and others, 2000; Fore, 2002; Fore and Grafe, 2002; Wang and others, 2005) . The principal concept of the MMI is that individual metrics represent "measures of condition in individuals, populations, communities, ecosystems, and landscapes" (Karr and Chu, 1999) and therefore provide an integrated assessment when combined into a single index. The standard approach for developing MMIs involves evaluating different metrics representing the different levels of ecological organization; the ultimate goal is to select metrics that represent as many levels as feasible. For instance, the original MMI developed by Karr (1981) included metrics indicative of fish community structure and composition, trophic structure, reproductive function, population abundances, and individual condition (health). Attempts have been made to implement the same concept with algal MMIs, including indicators of richness of algal genera, community composition, measures of biomass, and alkaline phosphatase activity (Hill and others, 2000) . Additional indicators that have been proposed for algal MMIs include tolerance/intolerance, autecological guilds, morphological guilds, and individual condition (Fore and Grafe, 2002) and indicators based on similarity measures (Wang and others, 2005) . The ecological attributes represented by individual metrics within MMIs have varied considerably among these studies. However, most of the metrics selected for MMIs are limited to attributes of community composition (Fore and Grafe, 2002; Wang and others, 2005) . This apparent inconsistency is partly due to the absence of some measures, such as the condition of individuals or community productivity, and to differences in study objectives. Most importantly, no MMIs have been developed for algal communities that are applicable across a large geographic scale, such as that which were represented by U.S. Geological Survey National Water-Quality Assessment (NAWQA) Program studies throughout the conterminous United States.
Purpose and Scope
This report presents the research and findings of a NAWQA Program study, the primary goal of which was to develop an MMI that could be used to assess the condition of algal communities across diverse land-use settings of the United States. Specifically, this study had two objectives. The first was to evaluate the efficacy of alternative metrics for use in MMIs that distinguish between stream benthic algal communities in undisturbed (reference) and disturbed watersheds in five regions of the conterminous United States. Several metrics based on the relative abundance of algal taxa associated with undisturbed and disturbed watersheds were developed specifically for this study (appendix 1). The second objective was to apply these MMIs to assess the condition of algal communities in streams and rivers sampled by the NAWQA Program across varying land-use settings and geographic regions of the United States ( fig. 1 ). 
General Approach
The general approach of this study was to apply several commonly used methods for assessing the condition of biological communities to benthic algal data collected by the NAWQA Program. Methods applied include traditional approaches as well as a statistical approach for selecting metrics that constitute the MMI. A distinct design feature of the NAWQA Program study was the targeting of selected sites in key land-use settings.
Methods of Index Development
Benthic algal data were collected by the NAWQA Program using nationally consistent methods. Undisturbed sites (the reference sites) and disturbed sites were identified among the sampling sites within each of five major regions of the conterminous United States. These sites were used to develop and evaluate MMIs to assess the condition of benthic algal communities.
Datasets
The datasets used in this study consisted of counts of benthic algae collected by the NAWQA Program at 1,071 river sites throughout the conterminous United States between 1993 and 2004 ( fig. 1 ). Data were stratified into five aggregated regions of U.S. Environmental Protection Agency level-2 ecoregions, as described by Potapova and Charles (2007) . The influence of spatial factors on algal community structure in U.S. streams and rivers and the need to develop algal indicators on a regional rather than national or continental scale were described previously by Potapova and Charles (2002) . Algal samples used in this study were collected primarily from hard substrates using the methods of Porter and others (1993) and Moulton and others (2002) . For sites where multiple samples in space or time had been collected, a single sample was randomly selected for this study. Diatoms were identified and enumerated from permanent slides at 1000X power and non-diatom algae were enumerated using Palmer-Maloney counting chambers at 400X power. Identifications and enumeration were done at the Patrick Center for Environmental Research (The Academy of Natural Sciences, Philadelphia, Pa.) using the methods described in Charles and others (2002) .
The development of MMIs requires a set of sites classified a priori as reference quality and another set of sites classified a priori as disturbed, and that these classifications be based on information independent of biological data (Karr and Chu, 1999) . For this study, sites were classified within each of the five regions into two contrasting groups: minimally disturbed (reference) and disturbed. The assignment of sites to the reference category was based on several criteria, including the professional judgment of local biologists, land cover data, and the evaluation of maps and imagery (Carlisle and Meador, 2007; Carlisle and others, 2008) . Reference sites in some geographic areas (such as the midwestern United States in the Central and Western Plains) were considered "least disturbed" or "best attainable" (Stoddard and others, 2006) . Disturbed sites were identified on the basis of an index of anthropogenic disturbance derived from 11 geospatial indicators of human activities (Falcone and others, 2009 ). These indicators included housing unit density (GeoLytics, 2001) , percentage of urban land cover (Price and others, 2006) (Price and others, 2006) . Within each region, sites were ranked according to the disturbance index calculated from their contributing watersheds. Generally, sites within the highest quartile of disturbance within each region were classified as disturbed, although this threshold varied slightly among regions in order to achieve adequate numbers of reference and disturbed sites. In the Western Mountains region, all sites with a disturbance score greater than zero were classified as disturbed. In the Central and Western Plains region and in the Southeastern Plains region, sites with disturbance scores equal to or greater than 8 were classified as disturbed. Finally, sites in the Glaciated North and Eastern Highlands regions with disturbance scores greater than or equal to 4 were classified as disturbed. All other nonreference sites were not classified as disturbed ( fig. 1 ), and therefore not used for the development of MMIs, but were later assessed for their degree of impairment. Less than 5 percent of the sites classified as reference sites, based on best professional judgment, had watershed disturbance index scores equal to or greater than the threshold value. These reference sites were removed from the reference category for the development of metrics and indices. All reference and disturbed sites within each of the five geographic regions were randomly subdivided into a calibration dataset (75 percent of the sites) or a validation dataset (25 percent of the sites). For each region, 5 to 10 MMIs with different combinations of metrics were developed with the calibration data and evaluated with validation data. The number of reference and disturbed sites in the calibration and validation datasets for each of the five regions is shown in table 1. The distribution of the disturbance index values for reference and disturbed sites in each region is shown in figure 2 . Figure 2. Values of the disturbance index in sampling sites grouped by regions and by the category "reference" or "disturbed." The box represents interquartile range, which contains 50 percent of the observations; the whiskers are lines that extend to the highest and lowest numbers excluding outliers, which are values outside 1.5 times the box length. The horizontal line across a box is the median. The number of streams in each category is provided above each box.
Algal Metrics
One hundred twenty-four published and commonly used algal metrics were evaluated for inclusion in MMIs. One hundred metrics from existing literature sources were calculated and can be grouped into eight general categories (appendix 1), including total algal abundance, broad taxa groups, diversity measures, growth habit of diatoms, nutrient status indicators, organic pollution indicators, water ionic content indicators, and diatoms indicating general impairment. In addition, 24 metrics of general disturbance were developed in this study; these represented the relative abundance of diatoms and the relative cell density, cell density, and biovolume of non-diatom algae associated with reference and disturbed sites using the methods described below.
The 24 metrics developed in this study were based on the Indicator Species Analysis (ISA) method described by Dufrêne and Legendre (1997) . The ISA method was used to identify species associated with reference and disturbed sites based on prior classification of watershed disturbance. Separate ISAs contrasting reference and disturbed sites were conducted with calibration data for each region; an additional ISA contrasted reference and disturbed calibration sites nationwide because study researchers expected that indicator species may be scale dependent. The nonclassified sites were not used in this analysis. Indicator values were calculated as products of the average relative frequency and relative abundance of each species in a group (that is, reference versus disturbed). Taxon indicator abilities identified by ISA can be biased for common taxa, so an adjustment was made by carrying out a series of Canonical Correspondence Analyses (CCAs) with a single constraining environmental variable "reference "or "disturbed" site for each of the six datasets (five regional and one national). If only one constraining variable is used, the CCA species scores along the first axis are proportional to weighted averages of the species in relation to that variable. In this analysis, the constraining variable was binary (reference versus disturbed sites), so the species at the extremes of the axis are those found predominantly in reference or disturbed sites. The taxa with unusual (in the lower or upper quartile) scores along the first CCA axis and found in at least three sites in regional datasets and in six sites in the national dataset were added to the lists of indicator taxa. Both ISA and CCA were performed using the PC-ORD/4 (MjM Software, Gleneden Beach, Oreg.). All metrics expressed as percentages of individual organisms were based either on a percentage of valves (for diatoms) or cells (for non-diatom algae) in the laboratory count.
Traditional Development of Multi-Metric Indices
The procedure for the development of MMIs is described in detail in Karr (1981) , Barbour and others (1996) , and Stoddard and others (2006) . Approaches specific to algae are described by Fore and Grafe (2002) and Wang and others (2005) . The methods used by Wang and others (2005) for selecting metrics for the MMI and scoring the resulting index were followed in this study. The ability of each metric to differentiate between reference and disturbed sites was evaluated by the Mann-Whitney nonparametric test, and only those metrics that showed significant differences (P<0.05) between reference and disturbed sites were retained. Those retained metrics with median values of zero at reference or disturbed sites were excluded. The remaining metrics were then assigned a score based on the distinctness of the distributions of values at reference compared to disturbed sites (table 2) (Barbour and others, 1996; Wang and others, 2005) . The highest score, a "3," was assigned to metrics that had nonoverlapping distributions between reference and disturbed sites. A score of "2" was assigned to metrics that had overlapping interquartile ranges, but both medians were outside of this range. A score of "1" was assigned when one of the two medians was inside the overlapping portion of the interquartile range. The lowest score of "0" was given when both medians were inside the overlapping portion of the range. Metrics that decreased with disturbance (for example, the median of disturbed sites is lower than the median of reference sites) were scaled by dividing each value by the 90th percentile of the reference sites. Metrics that increased with disturbance were scaled by dividing the metric value by the 90th percentile of the disturbed sites and subtracting this number from one (Wang and others, 2005) . The MMI was calculated as the sum of all scaled selected metrics multiplied by 10 and divided by the number of component metrics. [A score of 3 indicates no overlap of the interquartile ranges; a score of 2 indicates interquartile ranges overlapped, but both medians were outside of the overlap area. The metric's names are given in appendix 1. Underlined metrics were selected for inclusion in indices; --, indicates metric did not differentiate between reference and disturbed sites in that region. 3  3  3  3  3  3  3  3  3  3  3  3  3  3  3  3  3  3  3  3  3  3  3  3  3 
Metric
*Abbreviations are given for metrics included in the models presented in table 3.
The threshold for classifying validation sites as "reference" or "disturbed" was the average of the 75th percentile of the disturbed calibration sites and the 25th percentile of the reference calibration sites for each region/regression model, which is a threshold commonly used in assessments with MMIs (Wang and others, 2005) . The ability of the MMIs to distinguish between reference and disturbed conditions was estimated by Correct Classification Rate (CCR), which is the percentage of correctly classified sites, and also by sensitivity (percentage of correctly classified disturbed sites, or true positive rate, CCRd) and specificity (percentage of correctly classified reference sites, CCRr). Correct classification rates were calculated for both calibration and validation datasets.
For each region, 5 to 10 MMIs with different combinations of metrics were developed with the calibration data and evaluated with validation data. The MMIs included the single best (highest score) metric from each of the eight categories discussed previously, the best metrics from one or more categories, or other combinations of metrics from one or more categories (table 3) . 
Alternative Processes for Selecting Metrics
In addition to developing a traditional MMI, other approaches for selecting indicators were explored. Logistic regression was used as an exploratory tool for determining combinations of metrics that could distinguish between reference and disturbed sites in each of the five regions. This technique is convenient for identifying combinations of independent variables that provide the best prediction of a nominal dependent variable (Zuur and others, 2007) . The dependent variable in this study was the classification of a site as reference or disturbed, and all 124 candidate metrics were considered as possible independent variables. Unlike in the MMI development, no metrics were excluded from consideration based on preliminary tests. The rationale for using a logistic regression was that any metric might be included in the model if it increased the model's predictive power, even if the metric did not distinguish between reference and disturbed sites when considered individually. The number of metrics was thus comparable to the number of observations in regional datasets, which can lead to spurious correlations and overfitting of the models. Thus, in the case of several highly correlated variables, the variable that causes the effect might not be the one selected for the model; the variable may have happened by chance to have had a somewhat higher correlation with the dependent variable. We did not search, however, for causative relationships, and knew beforehand that many metrics were highly correlated. This analysis was for exploratory purposes, and therefore a large number of candidate independent variables were included. Logistic regression was carried out with SPSS statistical software using forward selection, and F values for variable inclusion and exclusion were set at 0.10. The models were developed using only the calibration sites, and their predictive power was evaluated as the number of correctly classified sites after applying the models to the validation datasets.
Application of Indices to Assess Algal Community Condition at NAWQA Sampling Sites
The second goal of this study was to use the MMIs to assess the condition of algal communities at 1,071 sites sampled by the NAWQA Program ( fig. 1) . A distinct design feature of the NAWQA Program was the targeting of selected sites in key land-use and environmental settings. Accordingly, all non-reference sites were classified on the basis of land cover (Nakagaki and others, 2007) in their contributing watersheds using the criteria presented in table 4. Sites classified as "agricultural" were in watersheds dominated by agricultural land cover. Sites classified as "urban" were in watersheds with substantial urban land cover relative to agricultural or other land uses. The criteria by which basins were classified as "less developed" (table 4) were less stringent than the criteria used to classifiy sites as "reference" in this study, so sites classified as less developed represent an intermediate level of disturbance between reference sites and other land-use classifications (urban, agricultural, and mixed). In addition, sites classified as less developed may also be influenced by land use in close proximity to the sampling site even if most of the watershed is undeveloped. Sites classified as "mixed" are influenced by a mixture of urban and agricultural land uses. Table 4 . Land-cover criteria for classifying National Water-Quality Assessment Program sites into major land-use settings (from Gilliom and others, 2006) .
[>, greater than; ≤, less than or equal to; %, percent]
Land-use classification
Watershed land-cover critieria Agricultural > 50% agricultural land and ≤ 5% urban land Urban >25% urban land and ≤ 25% agricultural land Less developed ≤ 5% urban land and ≤ 25% agricultural land Mixed use All other combinations of urban, agricultural, and undeveloped land Site values of MMIs were rescaled to facilitate interregional comparisons of algal condition by dividing the original MMI value at each site by the mean MMI value of the reference sites in the respective region (for example, Hawkins, 2006) . This rescaling assumes that the expected MMI value at each non-reference site is the average of the reference site MMI values within the same region. The ratio of the observed MMI value and the expected MMI value can therefore be interpreted as a measure of disturbance, where ratios less than (<) or greater than (>) 1 indicate a substantial deviation of the MMI score at a site from the regional mean reference condition. All comparisons among landuse settings were made using an analysis of variance followed by multiple comparison tests.
Major Findings
Multi-metric indices based on different approaches to metric selection were evaluated for their ability to differentiate between reference and disturbed sites in independent, validation datasets. The best-performing MMI was applied to all sites and algal communities in streams influenced by varying land uses, which are assessed across the United States.
Algal Taxa Indicative of Reference and Disturbed Sites
A total of 1,179 algal taxa were identified at 1,071 sites; 829 of these were diatoms and 350 were non-diatoms. The 300 algal taxa identified by ISA and CCA as indicative of reference or disturbed sites in the five U.S. regions are listed in appendix 2. Most diatom species found to be indicative of disturbed sites in most regions (Amphora pediculus, Cyclotella meneghiniana, Navicula gregaria, Navicula minima, Nitzschia amphibia, Nitzschia inconspicua, Planothidium lanceolatum, Rhoicosphenia abbreviata, and Sellaphora seminulum) are known to increase in abundance with increasing nutrients, organic matter, and general pollution. Species indicative of reference sites in most regions (Achnanthidium deflexum, Cymbella affinis, Encyonema minutum, Encyonopsis microcephala, Gomphonema angustatum, Staurosirella pinnata) are those known to decrease in abundance with increasing organic and chemical nutrients. In contrast to the 266 diatom species found to be indicative of reference or disturbed sites, only 34 nondiatom taxa (or morphological groups) were found to be possible indicators of reference or disturbed sites (appendix 2).
Evaluation of Alternative Metrics
Few of the algal metrics examined were distinctly different between reference sites and disturbed sites. In most of the regional datasets, relatively few of the 124 metrics that passed the screening and Mann-Whitney tests had nonoverlapping interquartile ranges (a score of "3" in table 2). There were 26 such metrics in the Glaciated North but only 2 to 9 such metrics in the other regions. The metric that most often differentiated reference sites from disturbed sites in the validation data was the percentage of diatoms indicative of reference and disturbed sites within the calibration data. Other metrics with discriminatory ability included diatom metrics developed previously from the NAWQA dataset (for example, Potapova and Charles, 2007) , such as percentage of diatoms indicative of nutrient enrichment and ionic strength. To increase the number of candidate metrics in the four regions other than the Glaciated North, metrics with scores of "2" and "1" were also considered (table 2).
The diatom metrics that were indicative of reference and disturbed sites in this study were also correlated with several chemical-specific metrics developed by other authors (table 5) . Metrics for nutrient enrichment, organic pollution, and ionic strength were strongly (that is, absolute value Spearman rank (|rho|) > 0.7) correlated with percentages of diatom species associated with disturbed or reference sites. In contrast, previously developed algal metrics indicative of ionic strength (Potapova and Charles, 2003) , trophic state (Van Dam and others, 1994) , and dissolved oxygen (Van Dam and others, 1994) were weakly correlated (that is, |rho| < 0.6) with metrics developed in this study. 
Multi-Metric Indices and Logistic Regression Models
In all five regions, the metrics developed in this study were most able to distinguish between reference and disturbed validation sites and were therefore selected for MMIs (table 5) . Moreover, in all datasets except for the Western Mountains, the MMI with the most accurate classification was based on these metrics only. In the Southeastern Plains and Central and Western Plains, the MMIs with the highest CCR (82 percent and 88 percent, respectively) were those based on only two diatom metrics developed in this study: the regional lists of the diatom taxa associated with the reference sites and with the disturbed sites. The addition of existing diatom metrics or non-diatom metrics lowered the predictive power of the MMIs in these two regions. In the Glaciated North, the best MMIs were those including either diatom only or diatom and non-diatom metrics representing percentages of algae associated with reference and disturbed sites, and the CCR was exceptionally high (92 percent). In the Eastern Highlands, the MMI with the highest CCR for the validation dataset (79 percent) was based on diatom and non-diatom metrics representing percentages of algae associated with reference and disturbed sites. Only in the Western Mountains region did the most accurate MMI (CCR=73 percent) include metrics derived both from this and other studies. For the Western Mountains, inclusion of other metrics, such as proportion of diatoms known to be associated with organic pollution and dissolved oxygen concentration, helped to increase the classification accuracy of the index.
Logistic regression models and MMI-classified reference and disturbed sites with similar accuracy (60 to 90 percent) are shown in table 3. In all regions the models that had the highest CCR in validation datasets had only one predictor metric. In the Glaciated North, Southeastern Plains, and Central and Western Plains, the most accurate metric was the ratio of diatoms associated with reference sites to diatoms associated with disturbed sites. In the Eastern Highlands and Western Mountains, the most accurate metric was the percentage of diatoms associated with disturbed sites.
Assessment of Algal Communities by Region and Land-Use Setting
The condition of algal communities varied substantially by region and land-use setting ( fig. 3) . In all regions, algal communities in agricultural, urban, and mixed-use watersheds had a reduced biological condition relative to reference sites. Algal community condition in urban watersheds of the Central and Western Plains was lower than that of all other land-use settings. In contrast, the biological condition of algal communities in less-developed watersheds was generally similar to that of the reference sites, except in the Glaciated North, where the number of sites was low (n=7).
Discussion of Index Performance and Metrics
The performance of MMIs developed in this study was similar at a national scale to MMIs developed by others at smaller regional scales. Most algal MMIs, including the indices developed in this study, do not incorporate metrics truly reflecting different aspects of the communities as envisioned by early developers of MMIs. Although the overall MMI developed in this study has limited application to other studies, the individual metrics identified herein provide useful insight into the development of future MMIs to assess algal community condition.
Metrics Selected for MMIs
The relatively high classification accuracy of MMIs developed in this study (66 to 92 percent of the validation sites were correctly classified as reference or disturbed sites) is comparable to the index of biotic integrity developed by Wang and others (2005) for a much more homogeneous dataset of the Interior Plateau ecoregion, where a CCR of 80 percent was achieved. Notably, the small number of calibration sites in the Western Mountains probably diminished the clarity with which indicator species could be identified in that region. Figure 3 . Values of multi-metric diatom indices in sites in the "Reference" group or grouped by land use settings. The box represents interquartile range, which contains 50 percent of values; the whiskers are lines that extend to the highest and lowest numbers excluding outliers, which are values outside 1.5 times the box length; the horizontal line across each box is the median. Boxes with the same superscript were not significantly different (P<0.05) in multiple comparison tests (bonferroni correction). The number of streams in each land-use category is provided above each box. Rsq.= adjusted r-squared value from anovas. The original concept of combining different metrics into an index stems from the assumption that these metrics represent different structural and functional aspects of communities and ecosystems (Karr, 1981) . For example, the major components of fish and macroinvertebrate indices of biotic integrity are usually some measures of community diversity and composition related to pollution tolerance and functional groups (Barbour and others, 1996; Fore and others, 2002) . The metrics selected for algal MMIs in this study seem to represent different aspects of the community, but in fact these metrics are often highly redundant. Various diatom metrics related to trophic status, growth habit, organic pollution, and general pollution tolerance are actually based on similar lists of species compiled by others (Van Dam and others, 1994) . They are usually correlated (table 2) because there is a uniform set of species known to favor eutrophic, silty, and otherwise anthropogenically disturbed waters-or conversely, oligotrophic, clear and undisturbed waters. For instance, 63 diatom taxa found in NAWQA samples were used to calculate the metric "percent brackish-water diatoms," while 43 of those were also classified as "eutraphentic diatoms" (both metrics are based on Van Dam and others, 1994) . Similarly, 18 out of 37 "brackish," 51 out of 69 "alpha-mesosaprobic," and 15 out of 20 "polysaprobic-alpha-mesosaprobic" diatom taxa were also considered "eutraphentic." Further, 51 out of 69 taxa were also "eutraphentic." Combining various metrics into a single MMI essentially creates a new list of species that most accurately distinguish between impaired and non-impaired sites in a certain area. The same list can be more easily created by determining directly which species are commonly associated with either disturbed sites or reference sites.
Most algal MMIs, including the indices developed in this study, do not incorporate metrics truly reflecting different aspects of the communities as envisioned by Karr (1981) . Hill and others (2000) did include metrics representing several distinct aspects of the community, such as measures of the diversity, productivity, biomass, and species composition, in their "periphyton index of biotic integrity," but the metric selection for this index was based on their expected responses rather than on their ability to distinguish between reference and disturbed sites. The diversity of algal communities usually increases at intermediate levels of watershed disturbance, and can be quite low in undisturbed sites as well as in heavily disturbed sites. For this reason, diversity measures are not considered reliable indicators of impairment. The percentage of malformed diatoms is rarely recorded during routine algal counts because in most areas malformed diatoms are rarely observed (but see Fore and Grafe, 2002) .
Condition of Algal Communities
The MMIs developed in this study showed distinct differences in the condition of algal communities among four classified land uses (table 4). This result is not remarkable given that the index used to identify disturbed sites was partially based on land-cover characteristics. Pronounced alteration of algal communities in urban and agricultural streams was obvious in all five regions. Similar trends of degradation of algal communities with increased human activities were observed in other assessments using MMIs (Fore and Grafe, 2002; Wang and others, 2005) . A unique aspect of this study, however, is that the condition of algal communities was assessed at a national spatial scale.
Use of Diatom MMIs and Individual Metrics
The MMIs developed in this study were intended to assess the condition of algal communities at sites sampled by the NAWQA Program, but with several caveats-the MMIs may be of use in other algal assessments. First, the MMIs developed in this study are limited to diatoms. Although metrics representing other algal groups were considered (such as percentages of specimens from certain ecological categories, total algal cell density and biovolume, and abundance of several algal divisions), they generally added little additional information to the assessment; that is, the predictive ability of MMIs improved by a negligible amount when diatom-based metrics were already included. Identification to species level is often difficult or impossible for non-diatom algae when using the traditional methodology based on light microscopy, and this might in part explain the lower success of non-diatom metrics. Because assessments of other algal groups are important to managers (for example, evaluating nuisance algae), new methods of characterizing non-diatom algal communities should be developed for environmental monitoring.
An additional caveat in using the MMIs developed in this study is the varying quality and relatively limited number of reference sites sampled in some regions. The difficulty in locating and sampling minimally disturbed watersheds in the Central and Western Plains region, for instance, means that the reference sites in this region may have experienced substantial anthropogenic disturbance. Such an unavoidable limitation should not, however, preclude the use of the MMIs or predictive models to assess impairment. It has been recognized (such as by Fore and Grafe, 2002 ) that quantifying human disturbance requires regional approaches; therefore, the assessment of impairment should also be region-specific (Stoddard and others, 2006) . A more serious concern is the relatively small number of reference sites sampled in regions such as the Western Mountains. Reliable assessments depend on a set of reference sites that are environmentally similar to sites being evaluated. MMIs developed for regions that are environmentally heterogenous over small spatial scales (for example, elevation gradients in the Western Mountains region) require many more reference sites than were available for this study.
A final caveat for the use of these MMIs concerns the thresholds. The thresholds for MMI scoring used in this study are entirely dependent on the distribution of MMI values at NAWQA sites within each region. Assessments of sites sampled as part of other local or regional studies may or may not be appropriate, depending largely on their environmental similarity to sites sampled by NAWQA.
In addition to the MMIs, the individual metrics developed in this study may be reliable for assessing general water-quality conditions. Because NAWQA sampling was targeted toward streams influenced by intensive land use, diatom metrics identified in this study that are indicative of disturbed conditions are probably a reliable indicator of generally poor water quality. In contrast, diatom metrics that were indicative of undisturbed conditions are probably indicative of minimal human disturbance within most regions. Finally, metrics developed in many previous studies are known to be reliable indicators of specific chemical stressors and should continue to provide useful information regarding possible causes of algal community disturbance.
Summary
The National Water-Quality Assessment (NAWQA) Program of the U.S. Geological Survey developed multi-metric indices for use in assessing the condition of benthic algal communities in U.S. streams and rivers that encompass five geographic regions across the conterminous United States. The indices were developed by evaluating whether 124 alternative metrics of algal communities were able to discriminate between streams in disturbed and undisturbed watersheds. The study assessed the condition of algal communities at 1,071 NAWQA Program sampling sites. Algal communities in agricultural, urban, and mixed use settings in all regions had a reduced biological condition relative to undisturbed reference sites. The algal data and algal taxa developed for this study are available for use in the development of additional multi-metric indices. Second, the canonical correspondence analysis of species relative abundance data and a single constraining variable "reference" or "disturbed" site was carried out. The taxa with extreme (upper or lower quartile) scores along the first Canonical Correspondence Analyses axis were included in the list and marked by asterisks (*). All analyses were carried out using the five regional datasets and the national dataset. 
